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Abstract

The performance of Degussa P-25 titanium dioxide photocatalyst in a water environment and two different forms of operation
was studied. The finely divided powder was used in a suspended bed (slurry) reactor, and the same catalyst was physically
supported on quartz sand and employed in a fluidized bed reactor. Both reacting systems were operated under conditions
of a fully irradiated photoreaction space (FIP reactor) and the comparison was made for the same mass concentration of
catalyst per unit reactor volume (250 ppm) using different combinations of bed expansion and surface coverage of the support.
A tubular black light lamp was placed inside an annular reactor, where the photocatalytic oxidation of a model compound
(oxalic acid) was investigated.

Results were analyzed in terms of initial reaction rates per unit reactor volume and per unit of the liquid phase volume inside
the reactor. Likewise, apparent quantum efficiencies were evaluated for the initial conditions, using the concept of apparent
captured radiation power. It was found that the efficiency of the slurried photocatalyst is approximately five times larger than
in the supported form. Among the different fluidized bed operations the highly expanded bed, with 100% coverage of the
support surface, was found to be the most convenient condition for the immobilized titania. ©1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Degradation of organic pollutants in water and air
by heterogeneous photocatalysis has been increasingly
investigated as a viable alternative in the last two
decades [1–4]. This approach is based on the possibil-
ity of handling near UV radiation to excite a semicon-
ductor (usually titanium dioxide). Electron-hole pairs
photogenerated in the semiconductor solid particles
originate a redox environment. The formation of ex-
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tremely reactive OH• radicals from water [5] anddi-
rect oxidation of the pollutant species by hole trap-
ping [6] have been postulated as the most likely main
reaction mechanisms. However, sustaining the charge
balance, electrons can reduce adsorbed oxygen at the
semiconductor interface thus generating other inter-
mediate species of high oxidation properties.

In principle, photocatalysts can be employed ei-
ther as finely divided powders suspended (slurried)
in the aqueous media or immobilized on a suitable
support material (e.g., quartz sand, glass, silica gel,
optical fibers, alumina clays, ceramics), operating in
either fixed or fluidized bed configurations. From an
engineering point of view the second alternative is
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preferable, so as to avoid costly particle-fluid sepa-
ration stages downstream. Also, because of the small
particle size of the catalyst powders usually synthe-
sized by the industry (somewhere between 30 and
300 nm in diameter), the operating costs of this down-
stream operation may become prohibitive, thus inval-
idating the energy saving of these decontaminating
processes altogether.

On the other hand, though, the efficiency of
slurry-type photocatalytic reactors has been claimed
to be higher than the one achievable with immobilized
photocatalysts [7]. Nevertheless, given the complex-
ity of the photocalytic process and the multiplicity
of variables involved, it is not an easy task to find a
common ground for performance comparisons. The
penetration length of light in the solid–liquid medium
is, of course, one of the significant parameters to be
taken into account. It depends, among other variables,
on particle size, catalyst loading (slurry concentration
in one case, support surface coverage and support bed
density in the other) and support transparency to radi-
ation. But, also, in order to clarify the efficiency issue
it is of outmost interest to be able to compare the
performance of the same catalyst type under different
reactor configurations.

With this goal in mind, special attention was given
in this work to ensure similar basis for irradiation and
catalyst loading in the illuminated volume, using a sin-
gle photocatalyst with identical structure and texture
(Degussa P-25 titania) to make comparisons between
the performance of its slurried, powdery form and that
resulting from its use in fluidized beds, after its fixa-
tion onto an inert support. A broad set of conditions
for bed expansion, catalyst loading and/or percentage
of surface coating were used.

In general, catalyst fixation can be carried out ei-
ther by in-situ catalyst generation (i.e., sol-gel process,
chemical vapor deposition, grafting) or by manipula-
tion of previously made titania powder (PMTP) [7].
For the indicated reasons the last alternative was cho-
sen in this work, since it allows to contrast the per-
formances of the same catalyst both as a free powder
and immobilized.

Quartz sand was employed as the supporting mate-
rial because it is fairly transparent to near UV radia-
tion, has an acceptable surface bonding capacity with
TiO2 and provides a physical configuration that favors
an easy liquid–solid separation. Its use in a fluidized

bed facilitates reactor designs-of the type used in the
present work-where normally there are no mass and
heat transfer limitations.

Oxalic acid has been taken as a convenient model
reactant since it is non volatile, is easy to analyze
and readily decomposes without intermediates, to give
carbon dioxide:

C2O2(OH)2 + 1
2O2 ⇒ 2CO2 + H2O (1)

with an apparent zero-order reaction rate under well
defined operating conditions [8,9], which is particu-
larly advantageous.

2. General approach

One of the main pre-requisites to provide a mean-
ingful comparison of performances among different
catalyst configurations in terms of specific reaction
rates is to have a very well defined irradiated vol-
ume. Accordingly, the fully irradiated photoreactor
concept, or FIP reactor [10] (i.e., where photons are
always available inside the whole reactor volume),
was adopted to perform the experimental work. Hence,
both the reactor dimensions and the catalyst concentra-
tions, were carefully chosen in each case so that always
a remnant flux of energy leaving the reaction volume
could be detected after the light has gone through it.

From an engineering point of view, a meaningful
performance evaluation should additionally take into
account the fraction of solid volume present in the re-
actor volume (φs), which is particularly significant in
the fluidized bed configurations. From this optic, if one
focused on the energy spent on liquid recirculation,
the net-liquid volume fraction in the reacting annulus
(φL = 1− φs) would be the relevant normalizing pa-
rameter to establish a comparison yardstick. However,
if radiation energy were the cost-determining factor,
the interest would be centered in optimizing the uti-
lization of the total illuminated reacting volume. In
such a case, this total volume would be the appropri-
ate reference to be used for reaction rates and catalyst
concentration settings. In this work the experimental
results are then analyzed from both perspectives.

Also, in order to compute and compare efficiencies
one of the key problems is the correct evaluation of the
absorbed radiation inside the heterogeneous reactor. In
principle, this evaluation can be carried out by apply-
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ing the radiative transport equation to the participating
system [11,12] but, in these heterogeneous media ab-
sorption and scattering effects are combined, and the
radiative transfer equation has an integro-differential
nature. Moreover, the relevant properties required to
solve this equation (i.e., the absorption and scattering
coefficients) are very difficult to measure.

An evaluation of these optical parameters for dif-
ferent brands of powdered titania in aqueous suspen-
sion was recently published by Cabrera et al. [13].
However, there are not equivalent published data rel-
ative to fixed titania either on sand or on other sup-
ports. (An experimental program aimed at evaluating
these optical parameters in fluidized beds is currently
in progress in this laboratory).

Alternatively, and only for comparison purposes, in
the present work anapparent captured power(PC) is
defined in terms of the illuminating incident power
onto the reacting space (PIN) and of the remaining
power leaving the reaction space after the interac-
tion has occurred (POUT). The character of ‘apparent’
specifically refers to (PIN), since not all the incident
power effectively enters into the reaction volume, due
to the (surely significant) back scattering phenomenon.

With the same objective apparent quantum efficien-
cies have also been defined, in terms of the ratios of
the initial rates of decomposition of oxalic acid per
unit volume of reactor and of the liquid phase inside
the reactor versus the corresponding captured power
by the reacting volume.

3. Experimental work

3.1. Experimental set-up.

Fig. 1 shows a schematic flow sheet of the exper-
imental set up. The main features and dimensions of
the device, which essentially consisted of a multitube
annular photoreactor with three annular spaces, are de-
tailed in Table 1. A tubular black light lamp (Philips
TLD 18W/08; nominal output power: 18 W; super-
ficial emission from 300 to 400 nm, with a peak at
350 nm) was centered at the photoreactor axis. Its oper-
ation (intensity, voltage and input power) was contin-
uously monitored, and previsions were taken to ensure
the proper operation of the lamp according to its nom-
inal power. Besides, the lamp was used after a min-

imum of 100 h of monitored operation to make sure
that it was working within the most stable period of
its average lifetime. Recycling systems were driven by
variable speed peristaltic pumps (Masterflex, Model
2650 MG. The temperature was kept constant (295 K)
using a thermostatic bath (MGW Lauda K4R).

The photoreactor itself consisted of a set of four
Pyrex glass tubes constituting three coaxial annuli
(Fig. 2). The interior annulus was used as a thermo-
stat. The central annulus allowed, first, the actinomet-
ric measurement of the incident radiation at the reac-
tion space, and served later as the main reaction vessel.
The outer annulus was an actinometric space where
the exiting radiation, outgoing from the reaction ves-
sel, was evaluated. By this way, satisfaction of FIP
conditions (i.e., all the particles along the light path
can see the photons) could be monitored.

3.2. Materials and methods

A model titania photocatalyst: (Degussa P-25,
∼75% anatase;Sg ∼= 50 m2 g−1; dp = 30–70 nm), a
model support: (Aldrich quartz white sand, Cat.
No. 27,473-9;r = 2.4 g cm−3; particle size: +50/−70
mesh) and a standard aqueous solution of a model
reactant: 5× 10−7 mol cm−3 oxalic acid di-hydrate
(Carlo Erba RSE, 99.9%), were used throughout the
work. In all cases the titania photocatalyst was dried
at 120◦C for 12 h before it was used. Water was ‘ul-
trapure’, i.e.: triply distilled, demineralized, free of
organic content and filtered (0.2mm membrane).

Immobilization of the TiO2 powder on quartz
sand was carried out as follows: a fraction of the
‘as received’ sand, of particle size +50/−60 mesh
(210–240mm) was selected as the supporting mate-
rial by screening, and washed in acetone to remove
organic matter. Calculated amounts of TiO2 powder
were thoroughly dry-mixed with approximately 400 g
of the supporting material in a rotavapor of 1000 cm3

capacity for about 12 h. The mixture was then grad-
ually humidified (drop by drop) with approximately
300 cm3 of water until consistency of a fluid ‘paste’
was observed and therewith evaporated until complete
dryness under vacuum-controlled conditions in the
same rotavapor. The desiccating temperature, (around
370 K) was gradually reached with a temporal step of
about 1◦C/min. Finally, the TiO2 coated sand (CS) was
immediately calcined in a oven at 673 K for 12 h. This



146 R.L. Pozzo et al. / Catalysis Today 54 (1999) 143–157

Fig. 1. Experimental set-up: (A) watt-meter, (B) lamp, (C) photoreactor, (D) heat exchanger, (E) peristaltic pump, (F) reservoir, (G)
thermostatic bath, (H) thermometer, (I) refrigeration loop, (II) reaction loop, (III) actinometric loop.

Table 1
Lamp and reactor characteristics

Device Annulus Parameter Value Units

Lamp nominal power 18 W
diameter 2.6 cm

Black light total length 60.0 cm
Philips TLD 18W/08 unmasked length 23.5 cm

Reactor 1 (temperature control) internal radius 2.25 cm
external radius 3.00 cm

Concentric cylindrical tubes made of pyrex glass length 44.1 cm
volume 546.0 cm3

2 (reaction space) internal radius 3.25 cm
external radius 4.00 cm
length 36.0 cm
volume 615.0 cm3

cross section 17.1 cm2

3 (actinometer space) internal radius 4.50 cm
external radius 5.30 cm
length 30.0 cm
volume 739.0 cm3

cross section 24.6 cm2

fixation-calcining method was able to ensure excellent
mechanical stability of the coating for at least 12 h of
continuous operation in liquid solid fluidized beds.

Three nominal degrees of sand coverage with TiO2
were programmed: one monolayer (corresponding to

about 1 mg of TiO2/g sand), 60 and 40% of a mono-
layer, respectively. The amounts of photocatalyst ac-
tually deposited were evaluated by UV-spectroscopy
(410 nm), after previous digestion of aliquots of the
three batches of coated sand with (NH4)2SO4 [14].
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Fig. 2. Multitube annular photoreactor: (1) temperature control
space, (2) reaction space, (3) actinometer space.

The batches of CS were found to contain 1.16, 0.64
and 0.34 mg of TiO2/g of sand, respectively.

As indicated in Section 1, our experimental program
was aimed at comparing the performance of the same
photocatalyst (Degussa P-25) in both its suspended
and immobilized form, under carefully controlled con-
ditions and using a fully illuminated photoreactor.

So, to make certain that the immobilization treat-
ment would not alter the properties of titania, samples
of dry (‘as is’), calcined (673 K, 12 h) and wetted, then
calcined P-25 were compared. By X-ray diffraction it
was verified that after these calcining treatments the
degree of crystallinity of the TiO2 did not change and
that the anatase to rutile ratio was preserved as well.

A suspension containing 250 ppm TiO2 was used
as the comparison yardstick. The apparent Napierian
extintance of this suspension is such that for the ra-
dial gap of our photoreactor the FIP conditions are
still attainable while, at the same time, the chemical
conversion is maximized [10].

Accordingly, to realize a set of experimental con-
ditions under which the same mass of immobilized
TiO2 was used, three degrees of expansion of the flu-

Table 2
Fluidized bed operating conditions

Fluidized bed expansion

Low Medium High

Nominal expansion 2.3 3.8 7.0
Solid volume fraction (φs = VCS/VFB) 0.43 0.26 0.14
Mass of sand in the bed, g 375 198 110
Liquid flow rate, cm3 s−1 14.6 28.3 40.0
Superficial velocity, cm s−1 0.82 1.58 2.24
Fluidized bed height, cm 30 30 30
Fluidized bed volume, cm3 512 512 512

idized bed (up to the same geometrical level in the re-
actor) were employed: 7.0-, 3.8- and 2.3-times the un-
expended bed volume, respectively. Table 2 contains
additional data about these fluidized beds.

In total, six different combinations of sand cover-
age and bed expansion were tested. To facilitate future
analysis they are shown in Fig. 6, in matrix form, to-
gether with the corresponding amounts of catalyst in-
volved. In Fig. 6 the bed expansion increases vertically
and, so, the volume fractions of solid (φs) decreases
in the same direction. Surface coverage increases
horizontally.

The numbers inside each box of the matrix represent
the concentration of catalyst in the reacting volume
(mg TiO2 per unit volume, in ppm):
(a) as the mass of TiO2 per unit volume of the flu-
idized bed,

[
CTiO2

]
VR

(lower row inside each box,
boldface), and

(b) as the mass of TiO2 per unit volume of the liquid
phase in the fluidized bed,

[
CTiO2

]
VLiq

As it can be observed in the diagram, the ma-
trix diagonal represent conditions for which the
concentration of TiO2 inside the reaction volume
([CTiO2]VR

= 250 ppm) is the same as the concentra-
tion of the suspension of the unsupported catalyst,
used for comparison purposes in slurried form. The
columns represent conditions for which surface cov-
erage is constant, so that higher bed expansions
involve lower catalyst concentrations. The rows indi-
cate the corresponding catalyst concentrations which,
of course, are higher the higher the surface coverage
is. The three combinations corresponding to the lower
right corner of the matrix were not included in the
testing program since under these experimental con-
ditions (low bed expansion together with high surface
coverage) FIP operation was no longer attainable.
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Fig. 3. Partial view of the photoreactor: even for a completely opaque fluidized bed (simulated with a removable masking tube) a portion
of the actinometer space can still be reached by radiation emerging from the lamp.

For comparison purposes additional runs were in-
cluded, aimed at evaluating the captured radiation with
0 coverage (i.e., no TiO2 added) and for the same bed
expansions.

The degradation of oxalic acid was followed by an-
alyzing total organic carbon, with a 5000A Model,
TOC SHIMADZU analyzer. Actinometric measure-
ments were carried out with 0.006 M potassium fer-
rioxalate, by conventional techniques [15].

3.3. Experimental procedure

Steady state temperature and lamp operation condi-
tions were achieved prior to initiating any experimen-
tal run, by circulating ultrapure water at constant tem-
perature through the annular Space 1 (Fig. 2) during
2–3 h.

A suitable actinometric solution (potassium fer-
rioxalate, 6× 10−6 mol cm−3) was recirculated
through the annular Space 3 (Fig. 2). The reservoir
V III

T contained 1760 cm3 of this solution, as well as
provisions for sampling and temperature control. The
device was used to measure the radiation going out
from the reaction space (Space 2), when either the
TiO2 suspension was circulating through it or a flu-
idized bed of titania immobilized onto the sand was
inside the reaction volume.

Since in the last case, the fluidized bed in its differ-
ent versions was always expanded up to a level equal
to the highest limit of the emitting length of the lamp,
a fraction equivalent to a 20% of the total volume of
the annular Space 2 was empty of radiation extinguish-
ing material (Fig. 3). Consequently, an experimental
configuration was implemented to discern the remain-
ing energy leaving the central annulus after interact-
ing with the fluidized bed, from that passing through
a bed-free volume fraction. This fraction of outgoing
energy power was evaluated by masking the reacting
bed space with a cylindrical opaque tube, simulating
so a totally ‘black’ fluidized bed (Fig. 3).

Through the intermediate tube (annular Space 2)
were recirculated, alternatively, in the closed Loop II:
(a) The actinometric ferrioxalate solution, which was
used to obtain the incident radiation power. In this
case the reservoir tank of the loop was filled with
V II

T = 19,400 cm3 of testing solution, under contin-
uous stirring to ensure sampling homogeneity.

(b) A suspension (250 ppm) of titanium dioxide in
an air-saturated solution of oxalic acid (0.5 mM).
In this case the volume of solution in the reservoir
was V II

T = 4400 cm3, and the suspension was also
homogenized, by mechanical agitation.

(c) An air-saturated solution of oxalic acid prepared
also with ultrapure water, recirculating through
the fluidized beds of titania-coated quartz sand at
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Fig. 4. Actinometer experimental results (outer annular space): The
time evolution of [Fe2+] is directly proportional to the outgoing
radiation from the reaction space. TiO2 was used in suspension
(slurried) (s) or immobilized onto quartz sand (fluidized bed) (r,
j, N).

[
CTiO2

]
VR

= 250 ppm. (*) With a removable mask placed
at the outer wall of the reaction space.

appropriate flow rates. The circulation flow rates
were chosen to allow stable fluidized bed opera-
tion while at the same time the annular Space 2
could be filled up to the predetermined level, with
a fluidized bed of CS at the three different bed ex-
pansions previously mentioned. For these runs the
liquid volume in the reservoir was:V II

T = 1400 ml.

4. Results and discussion

4.1. Actinometry

Fig. 4 shows typical actinometric data obtained with
the 6 mM potassium ferrioxalate solution circulating
through the outer annular space. It shows the linear
evolution with time of the concentration of ferrous ion(
CFe2+

)
, generated by the radiation going out from the

reaction space (annular Space 2), for the titania slurry
and for different combinations of bed expansion and
surface coverage of TiO2, respectively.

In this figure, the amount of titania contained in-
side the annular Space 2, expressed in terms of the[
CTiO2

]
VR

parameter, was kept constant (250 ppm).
Data from an additional run, in which the reacting
space was masked with a cylindrical opaque tube to
simulate a totally ‘black’ fluidized bed are shown as

well. They certainly indicate that the spherical char-
acteristic of the lamp emission can generate reaction
of the actinometer in the outer annulus even when the
nominal reactor volume is masked (See Fig. 3).

The FIP operation can be confirmed whenever a net
measurable actinometric reaction can still be observed
after the corresponding data for the masked annulus
have been subtracted. It is apparent from Fig. 4 that for
both the slurried catalyst and each of the fluidized beds
the FIP condition was achieved. It also emerges that
the fluidized bed expansion has a decisive gravitation
on radiation extinction: The outgoing radiation from
the most expanded bed (7.0) was more than the one
from the titania slurry and conversely, the actinomet-
ric reaction from the least expanded bed hardly over-
came the one pertaining to the reactor-masked con-
dition. The remaining combinations of fluidized bed
expansion and surface coverage also satisfied the FIP
requirement, since they all correspond to either less
surface coverage for the same bed expansion, or higher
bed expansion at same coverage of the sand with TiO2.

These experimental results, obtained by recirculat-

ing the actinometer between the outer annulus
(
V Act

R,3

)
and the well-mixed external reservoirV III

T , can be eas-
ily analyzed by taking advantage of the following de-
sign features of the experimental settings: (1) differ-
ential per pass conversion of the actinometer inside
the reactor was always achieved; (2) the actinometric
reactor volume was always smaller than the total vol-
ume of the recycling system, and (3) all the energy
entering the actinometric reaction volume is absorbed
by the actinometer.

Thus, the actinometric reaction always proceeds
into a continuous differential reactor inside the loop of
a batch recirculating system. So, under steady operat-
ing conditions for the lamp and constant temperature,
the following relation applies [10]:

dCFe2+(t)

dt
= VAct

V III
T

〈
RFe2+ (Er) 〉VAct

R
(2)

For this actinometric reaction, the ferrioxalate decom-
position is of first order with respect to the local volu-
metric rate of energy absorption,ea

λ and of zero-order
with respect to the oxalic acid concentration [15] and
so the following equation applies to the local rate:

RFe2+(Er) =
∫

λ

8λ ea
λ(Er) dλ (3)
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However, because the radiation field is not uni-
form, the observable reaction rate is always a
volume-averaged (albeit time-independent) value:

〈
RFe2+(Er)〉

V Act
R

=
∫

λ

8λ

〈
ea
λ (Er)〉VAct

R,3
dλ (4)

By integrating Eq. (2) with the initial condition

CFe2+ = 0 for t = 0 (5)

CFe2+(t) = V Act
R,3

V III
T

〈
RFe2+(Er)〉VAct

R,3
(t − to) (6)

that is, linear profiles forCFe2+ versus time are pre-
dicted, which is experimentally verified in Fig. 4 for
each run.

If for the overlapping wavelength range correspond-
ing to lamp emission and Pyrex glass transmission
(300 nm≤ λ ≤ 400 nm) one assumes that the quantum
yield of the potassium ferrioxalate reaction has a rather
mild dependence with wavelength (which is a very
good approximation), one can introduce the following
change in Eq. (4):

〈
RFe2+(Er)〉VAct

R,3
= 〈8λ〉λ

∫
λ

〈
ea
λ(Er)

〉
VAct

R,3
(7)

It is then immediate that Eq. (6) can be rewritten
so as to give a direct estimate of the radiation power
outgoing from the reaction space,POUT:

POUT = V Act
R,3

∫
λ

〈
ea
λ(Er)

〉
VAct

R,3
= VIII

T

〈8λ〉λ
CFe2+(t)

(t − to)
(8)

When the central annulus is masked up to the upper
level of the fluidized bed to simulate a ‘black’ fluidized
bed into the reaction volume, the measured power in
the outer actinometric space corresponds to the radiant
energy still crossing through the upper (i.e., free of
reacting bed) portion of the central annulus,PM as
already pointed out.

An expression formally identical to Eq. (7) is ob-
tained when the actinometer solution is made to cir-
culate through the reaction Space 2, using the external
reservoirV II

T in closed circuit. In this case the calcu-
lated value of the radiation power corresponds to the
incident radiation onto the reaction space,PIN :

PIN = V Act
R,2

∫
λ

〈
ea
λ(Er)

〉
VAct

R,2
= V II

T

〈8λ〉λ
CFe2+(t)

(t − to)
(9)

For the catalyst slurry, anApparent per cent cap-
tured powercan be simply defined as:

P
Susp
C % =

(
PIN − POUT

PIN

)
× 100 (10)

In the case of the fluidized bed reactor, however, it
should be noticed that by controlling the bed expansion
the true reactor volume becomes defined by the height
of the reaction space actually occupied by the coated
sand. The reactor volume corresponding to the slurry
operation, on the other hand, is the total volume of the
illuminated central annular space.

Consequently, for the fluidized bed the correspond-
ing expression for the apparent captured power should
be modified as follows:

P FB
C % =

(
PIN9FB − (POUT − PM)

PIN9FB

)
× 100 (11)

where 9FB is a partitional factor which takes into
account the actual incident power at the reactor surface
that can interact with the reacting medium and it is
defined as:

9FB=
Incident radiation onto the inner surface
of the fluidized bed reactor

Incident radiation onto the inner surface
of the slurry reactor(Space 2)

(12)

Owing to axial non-uniformity of the lamp emis-
sion, though, this correction is not directly propor-
tional to the relative reactor heights [16]. There-
fore, to evaluate9FB a three-dimensional radiation
emission model was applied to compute the energy
power arriving to the reactor wall from the lamp (See
Appendix A).

Fig. 7 presents in matrix form the apparent captured
power (PC%) of the fluidized beds used in this work,
as a function of bed expansion and surface coverage,
including the uncoated sand (0% TiO2 coverage). The
corresponding value ofPC% for the TiO2 suspension
is also shown.

The data show that the apparent captured power
of these fluidized beds is a strong function of bed
expansion. This is particularly evident for 0% TiO2
coverage (first column), with aPC% variation of
about 70% between the lowest and the highest bed
expansion, respectively. The data also indicate that
PC% is increasingly sensitive to surface coverage, the
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Fig. 5. Oxalic acid concentration (dimensionless;C0
Ox

∼= 5×
10−7 mol cm−3) versus time, using the photocatalyst in suspension
(slurried) (s) or immobilized onto quartz sand (fluidized bed) (r,
j, N).

[
CTiO2

]
VR

= 250 ppm. The dashed line represents condi-
tions below which the order of reaction is no longer 0 (see text).

higher the bed expansion is. This is observable just by
comparing the relative increments ofPC% for 0 and
30% surface coverage at each bed expansion (first and
second columns). The increments are: 120, 40 and
only 7% for the highest, medium and low expansion,
respectively.

Interestingly, the increment of the apparent captured
power with surface coverage within the titania coated
samples is just moderate. For the highest expansion
(first column) this increment is only of about 14%
when going from 30 to 100% coverage.

For this annular space the 250 ppm suspension was
able to capture a 79.3% of the incoming radiation. As
Fig. 7 suggests, this ‘capture power’ can be matched
by suitable combinations of sand coverage and bed ex-
pansion. Most important, the apparent capture power
of the bare, inert sand is by no means negligible.

4.2. Oxalic acid decomposition

Fig. 5 shows typical experimental data of the time
evolution of the oxalic acid decomposition, normal-
ized with the initial concentration (C0

Ox = 50 ppm),
for three different conditions of surface coverage
and expansion of the fluidized bed but carrying the
same amount of catalyst inside the reaction volume:[
CTiO2

]
VR

= 250× 10−6 g cm−3 (250 ppm, matrix di-

agonal in Fig. 6). The performance of the slurry
system using the same catalyst concentration inside
the reaction volume is also presented in this figure.

As a first observation it clearly emerges that, for
the same catalyst placed into the reaction vessel at
the same concentration, the supported material in flu-
idized bed operation always shows a significant de-
crease in photocatalytic conversion as compared with
that obtained in the dispersed powder (slurry) form. It
can be also observed an apparent zero-order reaction
with respect toCOx, in all cases, even for the slurry
system, at least up to about 20% conversion.

With this same photocatalyst (Degussa P-25) Her-
rmann et al. [8] reported also zero-order reaction in
the photo oxidation of oxalic acid for substrate con-
centrations higher than 480 ppm, but using a con-
centration of 2500 ppm of the TiO2 slurry. To vali-
date the comparison of their data with ours, where[
CTiO2

]
VR

= 70− 250 ppm and COx ∼= 50 ppm, a com-
mon basis has to be taken. Fortunately, as both data
come from slurries of the same Degussa P-25 pow-
der, only the specific initial concentration (i.e., ratioed

Fig. 6. Fluidized bed operation: concentration of photocatalyst
(ppm) inside the reaction annulus, expressed as: the mass of TiO2
per unit volume of the fluidized bed,

[
CTiO2

]
VR

(lower row of
each box, boldface), and as the mass of TiO2 per unit volume of
the liquid phase in the fluidized bed,

[
CTiO2

]
VLiq

(upper row of

each box), for different bed expansions and percentages of surface
coverage of the quartz sand.
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Fig. 7. Apparent captured power inside the reaction space, PC%, with the TiO2 used in suspension (250 ppm) or in fluidized bed form, for
different bed expansions and percentages of surface coverage of the quartz sand [see Eqs. (10) and (11)]. The apparent captured power of
the fluidized beds using the uncoated quartz sand is also included.

with the amount of catalyst present in the system) suf-
fices:C0

Ox/
[
CTiO2

]
VR

. This lower limit ratio gives a
value of (480/2500=) 0.19 for Herrmann et al.’s data,
which compares very well with the minimum similar
ratio (50/250 =) 0.20 used in the present work. Hence,
one can surely conclude that in all of our experiments
a zero-order reaction rate with respect to oxalic acid
concentration should be expected when the conversion
is less than about 20%.

The decomposition reaction was conducted under
the following process and design conditions: (a) hy-
drodynamic and thermal steady-state, (b) perfect mix-
ing inside the reservoir (V II

T ), (c) negligible volume
of the connecting lines, (d) zero reaction rate outside
the illuminated reacting volume (VR or VFB, for the
slurry or the fluidized beds, respectively), (e) high re-
circulating flow rate and (f) ratio of reactor volume to
total volume smaller than one. Furthermore, the sys-
tem was always operated as a continuous differential
reactor inside the loop of a batch recirculating system
so that the mass balance equation for the organic sub-
strate is quite similar to Eq. (2):

dCOx(t)

dt
= − VR

V II
T

〈ROx(Er, t)〉VR (13)

Within the range of validity of the zero-order
reaction rate the former equation can be immedi-
ately integrated, with just the initial condition:COx
(t = 0) =C0

Ox, to yield initial rate data:

〈
R0

Ox(Er)
〉
VR

= −V II
T

VR

(
COx(t) − C0

Ox

t − to

)
(14)

Table 3 details the experimental conditions, together
with actinometry (output power) and initial reaction
rates of decomposition of the oxalic acid solution for
a representative set of experimental runs.

It is now necessary to consider how to compare, ad-
equately, the performances of the immobilized versus
the slurried photocatalyst. Then, an apparent quantum
efficiency of the decomposition of oxalic can be de-
fined, as follows:

ηVR =
〈
R0

Ox(Er)
〉
VR

(PC/VR)
× 100 (15)

where the reactor volume,VR, represents either the
fluidized bed volume or the full annular space, accord-
ing to the case. Also, for comparison purposes, it is
appropriate to consider thespecificinitial reaction rate
(i.e., per unit mass of titania inside the device)
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Table 3
Experimental conditions employed in the photocatalytic decomposition of oxalic acid

Reacting system Bed expansion Surface coverage (nominal) Output powera,b Initial reaction rate

Einstein s−1 × 106
〈
R0

Ox

〉
VR

〈
R0

Ox

〉
VLiq

mol s−1 cm−3 × 1012 mol s−1 cm−3 × 1012

Suspension – – 0.90 163.8 163.8
FBc 7.0 0 1.83 – –
FBc 7.0 30 1.51 24.6 28.5
FBc 7.0 60 1.28 26.1 32.2
FBc 7.0 100 1.11 27.8 32.2
FBc 3.8 0 1.04 –
FBc 3.8 30 0.69 21.0 28.6
FBc 3.8 60 0.45 25.2 34.3
FBc 2.3 0 0.24 – –
FBc 2.3 30 0.12 19.1 33.8

a The incident power onto the inner surface of the reaction space (PIN ) was equal to 4.34310−6 Einstein s−1.
b The output power from the masked reactor (PM) was equal to 0.097310−6 Einstein s−1.
c Fluidized bed.

〈
R0

Ox(Er)
〉TiO2

VR
=
〈
R0

Ox(Er)
〉
VR[

CTiO2

]
VR

(16)

and, accordingly, to define aspecificapparent quantum
efficiency of the photocatalytic decomposition:

η
TiO2
VR

= ηVR[
CTiO2

]
VR

(17)

Fig. 8 presents, in matrix format, the initial reaction
rates and apparent quantum efficiencies, together with
their corresponding specific values, as a function of
bed expansion and per cent of surface coverage. The
equivalent parameters for the free titania suspension
are also included in the diagram.1

At first sight it can be observed that the rate of reac-
tion and the apparent quantum efficiency for the free
suspension of titania is about 5–6 times higher that
those obtained with the immobilized catalyst in the
fluidized beds. Several factors may contribute to this
lower performance of the anchored catalyst: reduction

1

〈
R0

Ox

〉
VR

[=] [(moles oxalic acid reacted @t = 0)/

(cm3 reactor volume) (s)] × 1012

〈
R0

Ox

〉TiO2

VLiq
[=]

(moles oxalic acid reacted @t = 0) /(
cm3 liquid reactor volume

)
(s)(

grams TiO2

)
/
(
cm3 reactor volume

) × 109

of available surface area resulting from the binding
with the supporting surface of the quartz sand, signifi-
cant radiation extinction (absorption and scattering) by
the support, or catalyst agglomeration (surface clump-
ing) during fixation, among others. Also, even though
for an adequate fluidized bed operation, mass transfer
limitations should not be present, one can not entirely
disregard this possible effect.

Focusing on the fluidized bed results, it comes out
that the reaction rate and also the apparent quantum
efficiency are fairly sensitive to bed expansion and sur-
face coverage. A total increment of almost 50% in re-
action rate and of nearly 100% inνVR results by using
more expanded fluidized beds with well covered quartz
sand, while keeping the concentration of photocatalyst
inside the reaction vessel as the constant parameter
(250 ppm; matrix diagonal). At a given surface cover-
age (e.g., the first column in the figure) the increments
in reaction rate and quantum efficiency are somewhat
lower but still significant (31 and 95%, respectively).
This is remarkable, considering that the concentration
of photocatalyst,

[
CTiO2

]
VR

is lower than the higher
the expansion of the fluidized bed is. However, for any
given bed expansion the increment in reaction rate is
just mild and the apparent quantum efficiency is rather
insensitive to the surface coverage. This finding, inci-
dentally, shows that the detrimental effects of attrition
on the surface coating may not actually damage a pho-
tocatalytic abatement process beyond hope. In other
words, a well-covered support may perform well even
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Fig. 8. Initial reaction rate and apparent quantum efficiency of
the decomposition of oxalic acid (first column in each box) and
specific initial reaction rate and apparent quantum efficiency of the
decomposition of oxalic acid, per unit mass of photocatalyst inside
the reactor space (second column in each box) for the TiO2 used
in suspension (250 ppm) or in fluidized bed form, for different
bed expansions and percentages of surface coverage of the quartz
sand [see Eqs. (14)–(17). For reference purposes the concentration
of photocatalyst inside the reaction space is also included in the
diagram (lower right corner of each box, boldface).

though the surface coating may get reduced down to
a 30% of the initial surface coverage.

Regardless, this low sensitivity to the rising of sur-
face coverage may indicate that an increase in the cat-
alyst loading could be actually producing an increase
in the agglomeration of the catalyst elementary parti-
cles during immobilization rather than an augmenta-
tion of the available catalyst active surface area.

As for thespecificreaction rate and apparent quan-
tum efficiencies, again the suspension is both more ac-
tive and more efficient than any of the fluidized beds,
but just twice as good if a highly expanded bed with
30% surface coverage is used. This result is quite rele-
vant, because it indicates that advanced photocatalysts
(probably more expensive than the titania pigments

now under scrutiny) can be advantageously fixed
onto suitable supports and employed in fluidized bed
reactors.

Going back to the fluidized beds, it is apparent that
the specific rates and/or quantum efficiencies achieved
with highly expanded beds containing just moderate
coverage of photocatalyst are noticeably higher than
those attainable under any other process condition.

Yet, in fluidized beds the volume fraction of solid is
never negligible. The volume of liquid phase that can
be processed inside the photocatalytic reactor is lower
the lower the bed expansion is. This constraint led us
to consider decomposition rates and apparent quantum
efficiencies referred to the actual liquid volume rather
than the total volume of the reactor, entirely equivalent
to Eqs. (14)–(17) defined above:

〈
R0

Ox(Er)
〉
VLiq

= − V II
T

VLiq

(
COx(t) − C0

Ox

t − to

)
(18)

ηVLiq =
〈
R0

Ox(Er)
〉
VLiq

(PC/VR)
× 100 (19)

〈
R0

Ox(Er)
〉TiO2

VLiq
=
〈
R0

Ox(Er)
〉
VLiq[

CTiO2

]
VR

(20)

η
TiO2
VLiq

= ηVLiq[
CTiO2

]
VR

(21)

Fig. 9 shows, again in matrix format, absolute and
specific values of rates of reaction and of apparent
quantum efficiencies as a function of bed expansion
and per cent of surface coverage. They are referred
now to the net liquid volume (VLiq ) in the react-
ing space. Once more, the corresponding parameters
for the free titania suspension are included in the
diagram.2

Certainly, under this new point of view, both the
rate of reaction and the apparent quantum efficiency

2

〈
R0

Ox

〉
VLiq

[=] [(moles oxalic acid reacted @t = 0)/

cm3 liquid reaction volume(s)] × 1012

〈
R0

Ox

〉TiO2

VLiq
[=]




(moles oxalic acid reacted @t = 0)/

(cm3 liquid reaction volume) (s)

(grams TiO2)/(cm3 reactor volume)
× 109



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Fig. 9. Initial reaction rate and apparent quantum efficiency of
the decomposition of oxalic acid (first column in each box) and
specific initial reaction rate and apparent quantum efficiency of
the decomposition of oxalic acid, per unit mass of photocatalyst
inside the reactor space (second column in each box:), for the
TiO2 used in suspension (250 ppm) or in fluidized bed form, for
different bed expansions and percentages of surface coverage of
the quartz sand [see Eqs. (18)–(21)], per unit volume of liquid
phase. For reference purposes the concentration of photocatalyst
inside the reaction space per unit volume of liquid phase is also
included in the diagram (lower right corner of each box, boldface).

for the free suspension of titania are also about 5–6
times higher that those obtained with the immobilized
catalyst in the fluidized beds. Among the fluidized
beds, though, it comes out that the reaction rate and
the apparent quantum efficiency become less sensitive
to bed expansion or surface coverage. The increment
in reaction rate is negligible and the apparent quan-
tum efficiency only increases by 24% when the more
expanded fluidized bed with well-covered quartz sand
is used, and the concentration of photocatalyst inside
the reaction vessel is kept constant (matrix diagonal).
At a given surface coverage (e.g., the first column in
the diagram) the reaction rate actually decreases the
higher the expansion of the bed is made, albeit mildly

(15%). Altogether, these data indicate that, if catalyst
cost is not a constraint, the reaction rate and/or the
apparent quantum efficiencies for about any combina-
tion of fluidized bed expansion and surface coverage,
referred to the net liquid volume, are rather similar in
all cases.

In order not to mislead the reader it has to be re-
called that all of our data were obtained with the same
photoreactor (i.e., the same radial gap was always em-
ployed). So, because a highly expanded bed of moder-
ately covered support particles captures less radiation
power (see Fig. 7), under these process design condi-
tions a FIP operation can be sustained in an annular
photoreactor with a larger gap and, hence, larger vol-
umes of polluted solutions could be processed with
the same radiation source.

5. Conclusions

For the same starting material (Degussa P-25) and
with the same catalyst loading inside a fully illumi-
nated photoreactor, the supported titania operating in
fluidized beds shows a significant decrease in photo-
catalytic conversion and apparent quantum efficiency
as for destroying a model reactant (oxalic acid) in
comparison with the performance achieved using the
photocatalyst as a slurry of the free powder.

Having used the same catalyst and employed a suit-
able, low calcination temperature during the fixation
process, it is not yet clear why the supported catalyst
undergoes such a significant loss of chemical activity
upon fixation.

The immobilized catalyst, though, does not require
downstream solid–liquid separations. So, if owing to
separation costs the immobilized catalyst is necessary,
the highly expanded fluidized bed seems to be the best
option: it provides the best performance and, at the
same time, it allows the use of a larger reactor optical
path (i.e., a larger reactor volume for the same lamp),
which signifies that larger throughputs can be realized
using these type of ‘optically thin’ fluidized beds.

6. Nomenclature

A area, cm2

C concentration, mol cm−3, also mM, also ppm
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ea local volumetric rate of energy absorption
(LVREA), Einstein cm−3 s−1

G incident radiation, Einstein cm−2 s
I specific intensity, Einstein cm−2 s−1 sr
L length, cm
P radiant power, W, also Einstein s−1

R reaction rate, mol cm−3 s−1

Er position vector, cm
r radius, cm
t time, s
V volume, cm3

z cylindrical co-ordinate, cm

7. Greek letters

α cylindrical co-ordinate, rad
η apparent quantum efficiency, mol Einstein−1

θ spherical co-ordinate, rad
λ wavelength, nm
φ volumetric fraction, dimensionless
ϕ spherical co-ordinate, rad
9 partitional factor, defined by Eq. (12),

dimensionless
� solid angle, sr
E� unit vector in the direction of propagation,

dimensionless

8. Subscripts

Act relative to the actinometer
C indicates captured power
CS indicates coated sand
e relative to an external radius
Fe2+ relative to ferrous ion
FB relative to the fluidized bed
i relative to an internal radius
IN indicates incoming radiation
Liq relative to liquid phase
L relative to the lamp
M relative to ‘masked’ reactor
Ox relative to oxalic acid
OUT indicates ‘ out going’ radiation
R relative to reactor volume
TiO2 relative to the photocatalyst
T relative to the reservoir in a reaction loop

s relative to solid phase
Susp relative to titania suspension
V relative to volume
λ relative to wave length dependence
w relative to the reactor wall

9. Superscripts

Act relative to the actinometer
FB relative to fluidized bed
0 relative to initial conditions
Ox relative to oxalic acid
TiO2 relative to the photocatalyst

10. Special symbols

→ indicates a vectorial quantity
〈〉 indicates an average value
|x indicates an integration point
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Appendix A

In the most general case, radiation may be arriving
at one point inside a photochemical reactor from all
directions, E�, in space. Hence, for a polychromatic
lamp and a diactinic non participating medium, the
incident radiation onto a point located at any arbitrary
position r̄ with respect to a fixed coordinate system
can be expressed as:

G (Er) =
∫

λ

∫
�

IL,λ

(
Er, E�

)
d� dλ (A.1)

whereIL,λ is the spectral intensity emitted by the emis-
sion source.
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Eq. (A.1) can be easily transformed to give an ex-
pression for the incident radiation impinging onto a
point located at the internal wall of our annular re-
action system,Gwri

, upcoming from its axially cen-

tered lamp, in terms of Einstein s−1 cm−2. So, by us-
ing spherical coordinates and considering the lamp
as a three dimensional source with superficial diffuse
emission, the following equation can be written:

Gwri
=
∫

λ

∫ ϕ2

ϕ1

∫ θ2

θ1

IL,λ (Er)|r=ri
sinθ dϕ dθ dλ (A.2)

Here, the system of coordinates is located at the in-
cidence point and the integration limits: (ϕ1,ϕ2) and
(θ1,θ 2) can be found straightforwardly, as trigonomet-
ric functions of the system geometry. They correspond
to the solid angle determined by the lamp boundaries,
as seen from the position of the point of incidence (for
more details see [16]).

From Eq. (A.2) the incident radiation power onto
any portion of the internal surface of the reactor wall
can be readily be computed by:

Pwri
=
∫

Ari

Gwri
dAri (A.3)

However, given the cylindrical symmetry of the re-
actor surface, it is obviously more convenient to use
cylindrical coordinates: (r, α, z). Therefore, atr = r i :

Pwri
=
∫

α

∫
z

Gwri
(z, α) ri dz dα (A.4)

which, given the azimutal symmetry of the photoreac-
tor can be reduced, for any cylindrical portion, to [16]:

Pwri
= 2πri

∫
z

Gwri
(z) dz (A.5)

By integrating onz between any pairs of reactor
lengths, the incident power onto that portion of the
inner surface of the reactor (defined by these limits)
can be determined. In particular, this can be done

for the suspended bed and the fluidized bed lengths,
respectively. Hence, a partition factor9FB between
these two types of operation of the reactor results:

9FB =
∫ z=zFB
z=0 Gwri

(z) dz∫ z=zSusp
z=0 Gwri

(z) dz
(A.6)

For the geometrical configuration of our system
9FB = 0.98.
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